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A Map of Pheromone Receptor Activation
in the Mammalian Brain
In terrestrial vertebrates, the perception of these two
categories of olfactory information is mediated by ana-
tomically and functionally distinct organs: the main ol-
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factory epithelium (MOE) and the vomeronasal organHoward Hughes Medical Institute
(VNO) (Figure 1). The sensory neurons of the MOE recog-Columbia University
nize volatile molecules and project axons to the mainCollege Of Physicians and Surgeons
olfactory bulb, the initial relay station in the processingNew York, New York 10032
of most olfactory information. The bulb sends fibers to²Department of Cellular and Molecular Biology
the multiple nuclei that constitute the primary olfactoryHoward Hughes Medical Institute
cortex as well as to limbic nuclei, resulting in measuredHarvard University
cognitive and behavioral responses to odors (reviewedCambridge, Massachusetts 02138
by Farbman, 1992). In vertebrates, pheromones are
largely nonvolatile and are recognized by specialized
sensory neurons that reside within the VNO, a blindSummary
tubular structure that opens on the ventral aspect of the
nasal septum (reviewed in Halpern, 1987). Fibers fromIn mammals, the detection of pheromones is mediated
vomeronasal neurons are separate from those of theby the vomeronasal system. We have employed gene
MOE and project to the accessory olfactory bulb, thetargeting to visualize the pattern of projections of ax-
initial processing center for pheromonal information.ons from vomeronasal sensory neurons in the acces-
The accessory bulb sends fibers to specialized centerssory olfactory bulb. Neurons expressing a specific re-
of the limbic system, including the medial amygdala, andceptor project to multiple glomeruli that reside within
ultimately to the ventromedial hypothalamus (Halpern,spatially restricted domains. The formation of this sen-
1987). Thus, the VNO pathways bypass higher cognitivesory map in the accessory olfactory bulb and the sur-
centers and elicit innate behavioral and neuroendocrinevival of vomeronasal organ sensory neurons require
responses.the expression of pheromone receptors. In addition,
How is the diversity and specificity of the olfactorywe observe individual glomeruli in the accessory olfac-
response accomplished? The initial event in the recogni-tory bulb that receive input from more than one type
tion of odors requires the interaction of odor moleculesof sensory neuron. These observations indicate that
with receptors that reside on the sensory cilia of MOEthe organization of the vomeronasal sensory afferents
neurons and on the microvilli of VNO neurons. In mam-is dramatically different from that of the main olfactory
mals, the family of odorant receptors expressed by thesystem, and these differences have important implica-
MOE may contain as many as a thousand receptors thattions for the logic of olfactory coding in the vomerona-
share homology with the large superfamily of G-coupledsal organ.
seven transmembrane domain receptors (Buck and
Axel, 1991; Zhao et al., 1998). Two families of seven
transmembrane receptor genes expressed solely in VNOIntroduction
sensory neurons have been identified, each thought to
contain about 50±100 genes (Dulac and Axel, 1995; Her-In humans, smell is an evocative sense, a sense capable
rada and Dulac, 1997; Matsunami and Buck, 1997; Rybaof eliciting enduring emotions, memories, and thoughts.
and Tirindelli, 1997). The two families of pheromone re-In most mammals, two broad categories of odorants
ceptors share no homology with each other nor with theevoke distinct behavioral responses. Most odorants
larger class of MOE receptors, indicating that the threeprovide information about the universe at large and re-
pathways of odor recognition in mammals have evolvedsult in behaviors that are readily modified by learning
independently. Thus, at least three large repertoires ofand experience and allow the organism to adapt to a
odorant receptors are necessary to recognize the vastchanging environment. A distinct set of chemical cues,
array of molecular structures perceived by mammalianthe pheromones, trigger innate, stereotyped behavioral
olfactory systems.and neuroendocrine responses that are unique to the
The discrimination of olfactory information requiresspecies and are not readily modified by experience.
that the brain discerns which of the numerous receptorsPheromones provide information about the social and
have been activated by an odorant. In most sensorysexual status of other members of the species and elicit
systems, peripheral neurons project axons to spatiallyinnate behaviors such as mating rituals or territorial ag-
defined loci in the central nervous system to create angression. The instinctive character of these responses
internal representation of the sensory world that trans-suggests that the neural pathways activated by phero-
lates stimulus features into neural information. In mam-mones are genetically programmed, affording an oppor-
mals, individual olfactory sensory neurons express onlytunity to discern the mechanistic link between odor rec-
one of a thousand receptor genes such that the neuronsognition and specific behavioral responses.
are functionally distinct (Malnic et al., 1999). The projec-
tions from neurons expressing a specific receptor con-³ To whom correspondence should be addressed: (e-mail: dulac@
verge upon 2 of 1800 spatially invariant loci or glomerulifas.harvard.edu).
§ These authors contributed equally to this work. within the olfactory bulb (Ressler et al., 1994; Vassar et
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subpopulations of VNO neurons to the brain. We ob-
serve that neurons expressing a given pheromone re-
ceptor project to multiple loci within the accessory olfac-
tory bulb that are likely to represent glomeruli. Specific
glomeruli are clustered within broad but spatially re-
stricted domains within the accessory olfactory bulb
(AOB) that differ for neurons expressing different recep-
tors. Moreover, we observe that individual glomeruli in
the AOB may receive input from more than one type
of sensory neuron. Thus, the AOB may be engaged in
extensive integration of chemosensory information, a
process largely restricted to higher sensory centers in
the main olfactory system. Finally, the formation of the
sensory map in the AOB and the survival of VNO sensory
neurons requires the expression of pheromone receptors.
Results
Visualizing Neurons Expressing Individual Pheromone
Receptors and Their Projections to the AOB
We have used gene targeting to modify two pheromone
receptor genes so that each of these loci now encodes a
biscistronic mRNA that allows the translation of receptor
along with the fusion protein tau-LacZ (Callahan and
Thomas, 1994; Mombaerts et al., 1996; Wang et al.,
1998). In these mice, it is possible to directly visualize
the pattern of projections of specific subpopulations of
VNO neurons in the brain. Genomic clones, encoding
the VN2 and VN12 receptor genes, were modified by
the insertion of a cassette immediately 39 of their stopFigure 1. Spatial Segregation of the Two Mammalian Olfactory
codons (Figures 2A and 2B). The cassette introducedSystems
into the VN12 gene (Figure 2B) consisted of an internal(a) Drawing of a parasagittal section through the skull of a rodent.
ribosome entry site (IRES) from the encephalomyocardi-Neurons from the main olfactory epithelium (MOE, dark blue) send
their axonal projections to the olfactory bulb (OB, light blue). The tis virus that directs the translation of the tau-LacZ fu-
two populations of VNO sensory neurons (dark red and dark green) sion protein, followed by LTNL (a 59 loxP site, the Herpes
of the anterior nasal septum are thought to project to the anterior simplex thymidine kinase gene [tk], the neomycin resis-
(light red) and posterior (light green) halves of the accessory olfac-
tance gene [neo], and a 39 loxP site) (Mombaerts et al.,tory bulb (AOB), respectively.
1996; Wang et al., 1998). A similar cassette (Figure 2A)(b) Schematic representation of MOE and VNO axonal projections.
was inserted 39 of the VN2 gene except that the IRES-MOE neurons expressing a specific olfactory receptor (OR) send
their axons to 2 of 1800 glomeruli within the olfactory bulb where tau-lacZ was followed by an LNL (59 loxP site, neo, 39
they synapse with mitral cells. Axonal projections from VNO sensory loxP site).
neurons expressing the Gi-VN and the Go-VN family of pheromone The VN2 and VN12 targeting vectors were electropor-
receptors form glomerular neuropils within, respectively, the anterior
ated into ES cells, and G418-resistant clones were ana-and posterior regions of the AOB. OB and AOB output fibers are
lyzed by Southern blot hybridization to identify homolo-segregated and reach distinct centers of the brain. aot, accessory
gous recombinants at the receptor loci. An ES cloneolfactory tract; lot, lateral olfactory tract.
resulting from recombination at the VN12 locus was
transiently transfected with a vector driving the expres-
sion of Cre recombinase (pB5185) in order to delete the
tk and neo sequences while leaving a single loxP site.al., 1994; Mombaerts et al., 1996; Wang et al., 1998).
The bulb therefore provides a spatial map that identifies ES clones resulting from targeting at the VN2 locus main-
tain an LNL cassette that was not removed in thesewhich of the numerous receptors have been activated
within the sensory epithelium. The quality of an olfactory experiments. VN2- and VN12-targeted clones were in-
troduced into blastocysts to generate chimeric mice.stimulus would therefore be encoded by specific combi-
nations of glomeruli activated by a given odorant. Since The progeny of these chimeras were bred to establish
two genetically altered mouse lines, VN2/66 and VN12/each projection neuron in the bulb (or mitral cell) extends
dendrites to a single glomerulus, integration of spatial T40. Mice homozygous for either VN2-IRES-tau-lacZ or
VN12-IRES-tau-lacZ were then analyzed for b-galactosi-patterns of glomerular activity in the bulb must largely
be occurring in the olfactory cortex. dase activity in the nose and brain (Figure 3).
Analysis of whole mounts of the nasal cavity dissectedIn this study, we analyze the pattern of projections of
vomeronasal sensory neurons to the accessory bulb in from adult VN2- and VN12-IRES-tau-lacZ mice reveals
a subpopulation of VNO sensory neurons whose den-order to provide insight into the logic of olfactory coding
in the vomeronasal system. We have used gene tar- drites, cell bodies, and axons display intense blue color
after staining with X-gal (Figures 3b and 3c). Blue fibersgeting to visualize the pattern of projections of specific
Sensory Map of Pheromone Receptor Activation
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These results, demonstrating the specific projections
from VN21 and VN121 neurons, contrast with the pat-
terns observed in mice homozygous for the OMP-tau-
lacZ mutation (Figures 3a, 3d, and 3g). OMP is expressed
in all olfactory sensory neurons (Farbman and Margolis,
1980). Mice with tau-lacZ targeted into the OMP locus
display intense X-gal staining in the main olfactory epi-
thelium, the vomeronasal organ, and the septal organ
(Figures 3a and 3d; Mombaerts et al., 1996). Moreover,
LacZ activity is apparent in the projections of all neurons
from the MOE and septal organ to the main olfactory
bulb, as well as in the vomeronasal fibers entering the
AOB (Figures 3g and 3j).
In the main olfactory bulb, olfactory glomeruli are
clearly discernible histologically as neuropils of sensory
fibers and mitral cell dendrites that are encapsulated
by periglomerular neurons and glia. Such anatomical
delineation of glomeruli is less apparent in the AOB,
since only a small number of periglomerular cells sur-
round the glomeruli and the glomerular borders are
therefore not clearly defined. In the VN2- and VN12-
IRES-tau-lacZ mice, intensely blue neuropils composed
of sensory terminals from VN21 and VN121 neurons are
Figure 2. Genetic Targeting Strategy to Modify the VN2 and VN12 visualized (Figures 3k and 3l). These neuropils are likely
Loci
to represent the VN2 and VN12 glomeruli. As many as
(A) Homologous recombination between the VN2 targeting vector
20 VN2 and over 30 VN12 glomeruli can be observed.(b) and the wild-type VN2 gene (a) results in the insertion of the IRES-
These glomeruli appear as round-shaped baskets oftau-lacZ-LNL cassette immediately 39 of the VN2 stop codon (c).
fibers that are either isolated or organized into inter-(B) Homologous recombination between the VN12 targeting vector
(b) and the wild-type VN12 gene (a) results in the insertion of the connected chains. These projections to the AOB ter-
IRES-tau-lacZ-LTNL cassette immediately 39 of the VN12 stop co- minate at various depths within the glomerular layer to
don (c). Transient transfection of ES cells with a plasmid expressing form an irregular network of interconnected fibers and
the Cre recombinase results in the excision of the LTNL cassette,
glomeruli (Figures 3h and 3i). Unlike specific neurons inleaving behind a single loxP site (d).
the MOE, the axonal projections from both VN2- and(C) Homologous recombination between a VN12 targeting vector (b)
VN12-expressing neurons are not precisely localized tofrom which the VN12 coding region is deleted with the wild-type
VN12 gene (a) results in the replacement of the VN12 coding se- a small number of topographically invariant glomeruli,
quence with the IRES-tau-lacZ (LTNL) (c). Transient transfection but rather project to broad domains of the AOB.
with a vector driving the expression of the Cre recombinase results
in the excision of the LTNL cassette, leaving behind a single loxP
A Sensory Map in the Accessory Olfactory Bulbsite (d).
Can we discern a consistent spatial pattern of projec-
tions from VN2 and VN12 neurons, or are the VN2 and
VN12 projections randomly distributed in the AOB? Weare readily visualized as they emerge from the vomero-
nasal epithelium and travel along the septum, cross the have performed a detailed analysis of the pattern of
axonal projections in the right and left AOB in multiplecribriform plate, and project along the medial surface
of the olfactory bulb. A higher-power view of the VNO mice bearing VN2- and VN12-IRES-tau-lacZ alleles.
X-gal staining of whole-mount preparations (Figure 4)in these mutant mice reveals fasciculation of the axons
as they emerge from the VNO into the nasal septum was performed on over 20 homozygous VN2- and VN12-
IRES-tau-lacZ mice. In addition, the entire AOBs from(Figures 3e and 3f). A larger number of LacZ1 sensory
neurons expressing higher levels of b-galactosidase is 12 VN2- and 12 VN12-IRES-tau-lacZ mice were sec-
tioned in either a coronal or a parasagittal plane (seeobserved in the VN12-IRES-tau-lacZ mice than in the
VN2-IRES-tau-lacZ line. The vomeronasal projections Experimental Procedures). All serial sections were ex-
amined, permitting a systematic 3D analysis of the posi-bypass the main olfactory bulb to enter the accessory
bulb posteriorly. A dorsal view of the olfactory bulb ex- tions of all glomeruli in each animal (Figures 5a and 5b).
In this analysis, both the rostrocaudal and mediolateralposes the AOB and reveals a complex pattern of b-galac-
tosidase-positive vomeronasal fibers as they enter the position as well as the respective depth of large accre-
tions of fibers were scored, allowing us to identify do-AOB (Figures 3h and 3i). As the blue axons converge
on the AOB, they bifurcate with one bundle tracking mains occupied by VN2 and VN12 projections. Because
it is sometimes difficult to distinguish fiber tracts frommore superficially along the dorsal boundary and a sec-
ond penetrating deeper into the AOB more ventrally. fiber termini (or glomeruli), the number of scored glomer-
uli is overestimated.The whole-mount preparations allow us to identify the
projections of VN21 and VN121 fibers to multiple superfi- Examination of whole-mount preparations reveals a
pattern of superficial glomeruli that is conserved amongcial glomeruli. This complex pattern of convergent fibers
and glomeruli is different for the VN2- and VN12-IRES- different animals of the same line (Figure 4). The patterns
of glomeruli are more similar when comparing the lefttau-lacZ mice.
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Figure 3. Axonal Projections from OMP-tau-
lacZ and VN2- and VN12-IRES-tau-lacZ-Ex-
pressing Neurons
(a±i) Whole-mount views of the nasal septum
and of the olfactory bulb after X-gal staining
of 3-month-old OMP-tau-lacZ and VN2- and
VN12-IRES-tau-lacZ mutant mice. In the
OMP-tau-lacZ mutant mouse (a, d, g), in
which the OMP gene has been replaced by
the IRES-tau-lacZ cassette, all VNO and MOE
sensory neurons and their axonal projections
to the main and accessory olfactory bulbs are
stained blue. In the VN2-IRES-tau-lacZ (b, e,
h) and VN12-IRES-tau-lacZ (c, f, i) mutant
mice, only a subpopulation of VNO neurons
is stained by X-gal, and blue fibers are visual-
ized with the vomeronasal nerve as it courses
over the MOB to reach the AOB. A dorsal
view on the accessory olfactory bulb reveals
the glomeruli formed by VN2 and VN12 sen-
sory terminals (h and i). SO, septal organ; VN,
vomeronasal nerve.
(j±l) Coronal sections of the AOB stained with
X-gal and neutral red. Bulbs were dissected
from 3-week-old OMP-tau-lacZ (j) and 2-month-
old VN2- and VN12-IRES-tau-lacZ mutant
mice (k and l). Blue fibers from the OMP-tau-
lacZ mouse (j) delineate the glomerular layer
of the AOB that resides dorsal to the main
olfactory bulb. In the AOBs from VN2- (k) and
VN12-IRES-tau-lacZ (l) mutant mice, blue ax-
ons converge to reveal multiple neuropils or
glomeruli that display variable shapes and
sizes and that are frequently arranged in inter-
connected chains. Ant., anterior; Post., pos-
terior.
and right AOBs of the same animal. Moreover, the orga- observed spatially conserved regions free of neuropils
or fiber tracts. Moreover, these regions differ betweennization of projections differ in the VN2- and VN12-IRES-
tau-lacZ mouse lines. The detailed reconstruction re- the two mouse lines. These results provide further sup-
port for the existence of distinct but conserved projec-veals an underlying pattern of glomerular positions that
is obscured in whole-mount analysis by the dense fiber tion maps for both the VN2 and VN12 neurons (Figure 4).
All VN12 mice reveal a relatively large deep posteriortracts covering and traversing the glomerular layer (Fig-
ures 5a and 5b). The stereotyped positions of axon tracts domain rich in collections of blue fibers and neuropils.
Moreover, a narrow superficial anterior domain, alongas well as those of spatially restricted groups of blue
neuropils lead us to define three glomerular domains in with a small lateral collection of VN12 fibers, is consis-
tently observed in all VN12-IRES-tau-lacZ mice. Boththe VN12-tau-lacZ and five smaller domains in the VN2-
targeted mice (Figures 5a and 5b). Importantly, we also the medial part and the superficial posterior portions of
Figure 4. Spatial Distribution of Glomeruli
Formed by the Axonal Projections of VN2-
and VN12-Expressing Neurons to the AOB
Whole-mount views of the right and left AOBs
from 3-month-old VN12- (a±f) and VN2- (g±l)
IRES-tau-lacZ mice. The axonal projections
from the VN2- and VN12-expressing neurons
clearly differ. Analysis of whole mounts from
a large number of animals reveals conserva-
tion in the pattern of axonal projections and
glomerular clusters in each mouse line. A
clear symmetry in the glomerular distribution
is also apparent in the right and left AOBs of
each animal. Ant., anterior; Lat., lateral; Med.,
medial; Post, posterior.
Sensory Map of Pheromone Receptor Activation
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Figure 5. Glomerular Maps of VNO Sensory
Neurons
(a) The glomerular map of VN12-expressing
neurons. 3D reconstruction of glomerular po-
sitions in AOBs from 3-month-old mice (1±3:
males; 4±6: females). The AOB maps have the
same orientation as in Figure 4a (anterior on
top). Dots represent neuropils scored in serial
sections through the AOB. Since large fiber
tracts are difficult to distinguish from glomer-
uli, the dots overestimate the number of glo-
meruli and serve largely as positional indica-
tors. Color encodes glomerular depth, from
deep (blue) to most superficial (green, yellow,
and red). Three projection domains receiving
VN12-positive fibers and glomeruli are con-
served among all AOBs: an anterior chain of
superficial glomeruli (shaded in red), a very
lateral small group of superficial glomeruli
(red), and a large group of deep glomeruli
(blue shading) anterior to and straddling
along the interface between the anterior and
the posterior halves of the AOB. The position
of domains free of VN12 fibers and glomeruli
is maintained in all VN12-IRES-tau-lacZ ani-
mals examined, providing additional support
for the existence of a conserved map of sen-
sory projections to the AOB.
(b) The glomerular map of VN2-expressing
neurons. Glomerular positions were scored in
AOBs of 3-month-old mice (1±3: males; 4±6:
females). Color coding for glomeruli and
domains is identical to that in Figure 4a.
Whole-mount photographs of VN2 fiber bun-
dles underlying the glomeruli are displayed
to visualize the glomerular clusters. In males
(1±3), two anterior superficial groups (red) are
separated from a small medium deep (green)
group. A large deep cluster (blue) is well separated from a unique and very posterior deep glomerulus (blue). In females (4±6), two anterior
superficial clusters (red), a larger medium deep cluster (green), and an individualized posterior superficial glomerulus (red) can be discerned.
These patterns are conserved among all VN2-IRES-tau-lacZ mice.
the anterior AOB appear consistently devoid of blue 1996). However, we have been unable to successfully
detect specific glomeruli in the AOB by in situ hybridiza-fibers (Figure 5a). The 3D reconstruction of these VN12
mice was performed solely from the scoring of histologi- tion with receptor probes. In the absence of these con-
trol experiments, we therefore cannot argue with cer-cal sections. The lower complexity of projections in the
VN2 mice allowed a 3D reconstruction that incorporates tainty that the genetic modifications introduced into the
pheromone receptor loci do not alter the projection pat-information from both whole mounts and sections (Fig-
ure 5b). The VN2 projections are clustered within five terns. Nonetheless, the striking conservation of these
large domains comprised of multiple glomeruli from VNOsmall domains. Two superficial anterior and a deep pos-
terior cluster partially overlap with similarly positioned neurons expressing a specific pheromone receptor pro-
vide evidence for a complex but spatially conserveddomains of VN12 glomeruli. A deep medial cluster and
the most posterior domain of VN2 fibers do not overlap topographic map.
with the VN12 projections. With the exception of one
conserved posterior VN2 glomerulus (Figure 5b), the VN2 Individual Glomeruli May Receive Sensory Input from
VNO Neurons Expressing Different Receptorsand VN12 domains reside with the rostral half of the
AOB. The relative position of both the VN12 and VN2 The relatively small size of the AOB, taken together with
the observation that neurons expressing a given phero-domains within the AOB are conserved in all animals
examined by these serial reconstructions. However, the mone receptor project to 10±30 glomeruli, suggests the
possibility that individual glomeruli might receive inputsize of the domains and the number of fiber collections
within them varies from animal to animal. from more than one type of sensory neuron. We therefore
used immunocytochemistry and confocal analysis to de-We must add a note of caution in our interpretation
of a spatial map of vomeronasal projections. In similar termine whether glomeruli that receive input from either
VN2-IRES-tau-LacZ- or VN12-IRES-tau-LacZ-express-experiments to map the projections of sensory neurons
in the main olfactory bulb, we had used in situ hybridiza- ing sensory neurons also receive input from LacZ2 sen-
sory fibers that presumably express different receptors.tion to demonstrate that the genetic modification of re-
ceptor loci to create a receptor IRES-tau-lacZ allele does In initial experiments, antibody directed against the neu-
ral adhesion molecule (N-CAM) was used to identify thenot alter the patterns of projections (Mombaerts et al.,
Cell
214
Immunofluorescence analysis of AOB sections on VN2-
or VN12-tau-lacZ mice with antibodies directed against
b-galactosidase reveals intensely stained collections of
intermingled LacZ1 fibers. As noted above, in the ab-
sence of defining periglomerular cells it is difficult to
unequivocally identify these neuropils as glomeruli (sen-
sory endings synapsing with mitral cell dendrites). All
glomeruli were examined by collecting confocal Z series
to reveal the convergence, termination, and therefore
the ultimate disappearance of LacZ1 fiber collections,
allowing us to define these structures as VN2 or VN12
glomeruli. A consistent pattern emerges from this two-
color immunofluorescence analysis. Small and medium-
sized VN2 and VN12 glomeruli appear to be composed
entirely of LacZ1 fibers (Figure 6Aa±c). In this class of
glomeruli, all sensory inputs are both N-CAM1 and LacZ1,
suggesting that these neuropils are dedicated: they re-
ceive input from only one neuronal type. In contrast,
larger glomeruli receive input from two classes of fibers,
LacZ1 N-CAM1 fibers (expressing either VN2 or VN12)
and LacZ2 N-CAM1 fibers (presumably expressing a
second receptor type), suggesting that these glomeruli
receive input from more than one neuronal cell type
(Figure 6Ba±c). In these glomeruli, the LacZ2 N-CAM1
termini are often grouped in clusters and occupy signifi-
cant regions of the glomerulus. In other mixed glomeruli,
the LacZ2 N-CAM1 fibers intermingle with the LacZ1
fibers, rendering it unlikely that these two populations of
axon termini reflect the close apposition of two distinct
glomeruli.
The presence of mixed glomeruli in the AOB receiving
input from sensory neurons expressing different recep-Figure 6. Confocal Analysis of LacZ-Positive Glomeruli Reveals that
tors contrasts with results obtained in the main olfactorySingle AOB Glomeruli Are Able to Receive Inputs from Different
Types of VNO Sensory Neurons bulb. We have generated P2-IRES-tau-lacZ mice (Mom-
baerts et al., 1996) that express lacZ only in neurons(A) Thick coronal sections through the AOB of VN2- (a±c), VN12-
(d±f), and P2- (g±i) IRES-tau-lacZ mice were exposed to antibodies that express the P2 olfactory receptor. Two-color immu-
directed against b-galactosidase and either N-CAM (a±c) or synap- nofluorescence analysis with antibodies to N-CAM and
totagmin (Syn) (d±f). Optical sections were analyzed by confocal LacZ reveal that all sensory fibers within the clearly
microscopy, and glomeruli were identified in Z series as large accre-
delineated P2 glomerulus are N-CAM1 LacZ1 (Figuretions of fiber terminals. In the two AOB glomeruli shown in (a±c) and
6Ag±i). This conclusion is supported by collecting confo-(d±f), b-galactosidase-positive fibers (shown in green) and N-CAM-
cal Z series through multiple P2 glomeruli. These dataand synaptotagmin-positive fibers (shown in red) entirely overlap
within glomerular borders and thus appear yellow-green to yellow demonstrate that glomeruli in the MOB receive input
in the mixed channels (a) and (d). These glomeruli appear to be from only a single type of receptor neuron and serve as
entirely composed of LacZ1 sensory fibers and are thus likely to a control for experiments that reveal the existence of
receive a homogeneous population of axonal projections from neu-
mixed glomeruli in the AOB.rons expressing either the VN2 or the VN12 receptor. Similarly, in the
The neural marker N-CAM is expressed throughoutmain olfactory bulb of a P2-IRES-tau-lacZ mouse, the P2 glomerulus
the length of the sensory fiber and is not restricted to(g±i) appears entirely composed of fibers that display double immu-
nofluorescence for b-galactosidase and N-CAM and appear yellow axon termini. The presence of LacZ2 N-CAM1 fibers in
in the double channel (g). an otherwise LacZ1 glomeruli might reflect the presence
(B) Coronal sections through the AOB of a VN12-IRES-tau-lacZ of passing fibers that will ultimately synapse within an
mouse stained with antibodies directed against b-galactosidase
adjacent glomerulus. We therefore performed a second(green) and N-CAM or synaptotagmin (red). Within most large-sized
two-color immunofluorescence experiment with anti-glomeruli, some sensory fibers and axon terminals are LacZ2 and
either N-CAM1 (a±c) or synaptotagmin1 (d±f) and are thus stained body directed against the synaptic vesicle protein syn-
only in red (see white arrowheads). These red fibers that are intermin- aptotagmin (Figures 6Ad±f and 6Bd±f). Synaptotagmin is
gled within the LacZ1 glomeruli of the VN12-IRES-tau-lacZ mice largely expressed in axon termini, thereby diminishing
demonstrate the existence of mixed glomeruli that are likely to re- the possibility that synaptotagmin immunoreactivity
ceive input from VNO neurons expressing a pheromone receptor
would reflect passing fibers. Double labeling with anti-gene different from VN12.
bodies to LacZ and synaptotagmin reveals the presence
of large LacZ1 glomeruli that contain a significant input
from LacZ2 synaptotagmin1 fibers (Figure 6Bd±f). Theseentire population of sensory fibers, whereas antibodies
observations further suggest that the AOB glomeruli canto b-galactosidase identify the specific VN2 or VN12
receive input from different populations of sensory fi-glomeruli. N-CAM is expressed throughout the sensory
axons but is not expressed by mitral cells (not shown). bers. It is important to note that mixed glomeruli are not
Sensory Map of Pheromone Receptor Activation
215
Figure 7. Confocal Analysis of Glomeruli from VN12-IRES-tau-lacZ Mice in which the Sensory Fibers Are Labeled by DiI (Red) and DiO (Green)
Injections
(a) DiI was injected into the vomeronasal nerve. Low magnification of a coronal section through the entire DiI-labeled AOB. All sensory fibers
of the glomerular layer (gl) have acquired the DiI staining (red), whereas only a specific glomerulus (white arrowhead) displays the additional
anti-b-galactosidase immunoreactivity (green). mcl, mitral cell layer.
(b±d) Three confocal sections collected at 5 mm intervals through a DiI-labeled AOB reveal the intermingling of DiI1LacZ1 (green) and DiI1
LacZ2 (red) sensory terminals in a VN12 glomerulus. White arrowheads point to LacZ2 fibers entering the VN12 glomerulus. These fibers are
likely to originate from neurons expressing a pheromone receptor different from VN12.
(e±h) Confocal sections through VN12 glomeruli of a DiO-labeled AOB (green) exposed to anti-b-galactosidase antibody (red). (e), (f), and (g)
are 2 mm apart; (h) is 5 mm from (g). The three neuropils (glomeruli) denoted by the white arrowheads display extensive intermingling of DiO1
LacZ1 (yellow) and Dio1 LacZ2 (green) sensory terminals.
easily detected by mere analysis of projection images of deleting VN12 expression on the pattern of projec-
tions of VN12 axons in the AOB. We employed a genebut require examination of individual optical sections.
It remains possible, however, that the N-CAM or sy- targeting strategy in which the endogenous VN12 recep-
tor coding sequences spanning the start and stop co-naptotagmin immunoreactivities reflect the presence of
periglomerular interneurons, glial cells, or projection dons were replaced by a cassette containing IRES-tau-
lacZ-LTNL (Figure 2C).neurons within the glomeruli, rather than from the termini
of sensory afferents. We therefore specifically labeled We have examined the pattern of projections of neu-
rons expressing the VN12D-tau-lacZ allele in young ani-sensory fibers of VN12-IRES-tau-lacZ mice by pressure
injecting lipophilic dye (DiI or DiO) into vomeronasal mals by immunofluorescence staining of AOB sections
with antibodies directed against b-galactosidase andnerve fascicles outside of the AOB (Figure 7). Diffusion
of the dye within VNO fibers assures that the fluorescent X-gal staining (Figures 8a±8f). In contrast to wild-type
VN121 axons that converge on multiple discrete glomer-projections within the AOB reflect the exclusive labeling
of vomeronasal sensory projections. Thick sections uli, the VN12D fibers appear broadly dispersed through-
out the glomerular layer of the AOB (Figures 8b, 8d,through the AOB were then exposed to anti-b-galactosi-
and 8f). Most fiber termini exhibit an abnormal split,dase antibody in order to detect VN121 fibers (Figure
interdigitated arborization reminiscent of retracting growth7a). Confocal Z series reveal that a significant number
cones. Other fibers show extensive arborizations withinof fibers within the larger LacZ1 glomeruli are DiI1 LacZ2
glomeruli. A systematic 3D reconstruction of these pro-or DiO1 LacZ2 (Figures 7b±7h), providing clear evidence
jections reveals that their positions are random and doesthat VN12 glomeruli contain significant input from VN122
not display the clear spatially conserved clustering ob-fibers. Taken together, these two-color immunofluores-
served with wild-type VN121 neurons (Figures 8a andcence experiments strongly suggest that, unlike in the
8b). Moreover, in the VN12D mutation, some occasionalmain olfactory bulb, glomeruli within the vomeronasal
X-gal-positive fibers are observed that leave the vo-system receive input from different populations of sen-
meronasal nerve and enter MOB glomeruli (Figure 8g).sory neurons, each expressing different receptors.
A similar disruption in glomerular targeting is observed
in both heterozygous and homozygous animals.
The Consequence of Receptor Deletion Analysis of the number of blue neurons in VN12D-
on Axon Targeting IRES-tau-lacZ mice indicates that the receptor expres-
In the main olfactory system, mutations in the odorant sion is also necessary for the survival of VNO neurons.
receptor as well as receptor substitutions strongly sug- At birth, a number of LacZ1 neurons are similar in the
gest that the odorant receptor plays an instructive role VN12D and VN12-IRES-tau-lacZ animals (not shown). At
in guiding axonal projections to their appropriate glo- 4 weeks, the VN12D mice have fewer than 20% of the
merular targets (Mombaerts et al., 1996; Wang et al., blue neurons seen at birth, and by 6 weeks of age, when
mice are considered sexually mature, VN12 neurons are1998). We have therefore examined the consequence
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Figure 8. VN12 Pheromone Receptor Ex-
pression Is Required for Axon Convergence
and Neuronal Survival
(a and b) 3D maps of tau-LacZ1 projections
in 10-day-old mice expressing the VN12- (a)
or VN12D- (b) IRES-tau-lacZ allele. Serial sec-
tions of AOBs were scored for the presence
of glomeruli or extensive arborizations (dots)
and free termini (squares). Unlike the VN12-
IRES-tau-lacZ mice, the VN12D mice reveal
an extensive free termini that are only scored
in two sections (boxed areas) to demonstrate
their random distribution. The glomerular or-
ganization of VN12-IRES-tau-LacZ fibers in
two large domains is not found in mice de-
leted for VN12 receptor expression.
(c±g) LacZ staining of bulb sections from
VN12-IRES-tau-lacZ mice ([c], 4.5 weeks; [e],
10 days) and VN12D mice ([d], 4.5 weeks; [f]
and [g], 10 days). In the absence of VN12
receptor expression, LacZ1 fibers (red) are
broadly dispersed through the AOB glomeru-
lar layer and show abnormal nerve termini. In
the parasagittal sections (e and f), which span
the anterior half of the AOB, LacZ1 fibers are
organized in two spatially defined domains
(arrowheads) in the VN12-IRES-tau-lacZ mice,
whereas in VN12D mice, the projections are
randomly distributed through the AOB (f). In
(g), misguided LacZ1 fibers from the deletion
mutant are detected in MOB N-CAM1 glo-
meruli (green) in the vicinity of the vomerona-
sal nerve.
(h±j) Whole-mount X-gal staining of the VNO of VN12-IRES-tau-lacZ (h) and VN12D-IRES-tau-lacZ mice (i and j). In 6-week-old VN12-IRES-
tau-lacZ mice (h), a large population of blue neurons is detected in the VNO. In mutant animals lacking the VN12 coding sequence (i and j),
a striking decrease of blue sensory neurons is observed in the VNO at 4 weeks (i) and is accentuated with age (j, 6 weeks).
scarce with only an occasional blue neuron present (Fig- Rather, these data suggest that expression of phero-
mone receptors is essential for the formation of a sen-ures 8h±8j). Taken together, these data suggest that
receptor expression is required for the appropriate tar- sory map in the VNO as well as for neuronal survival.
geting of axons to the correct glomeruli domains within
the AOB. Moreover, receptor expression appears to be Discussion
required for neuronal survival, suggesting that the sur-
vival of vomeronasal neurons depends upon appropriate All organisms have evolved mechanisms to recognize
chemosensory information in the environment andtargeting in the AOB or that the pheromone receptor
may play an independent function in maintaining the transmit this information to the brain, where it then must
be processed to create an internal representation of thesurvival of the neuronal population.
An alternative interpretation of these observations is external world. This representation, this sensory map in
the brain, must then be decoded to translate stimulusthat neurons that fail to express a functional VN12 recep-
tor transcribe a second receptor from the repertoire of features into appropriate cognitive and behavioral re-
sponses. One category of olfactory cues, the phero-pheromone receptor genes. If the choice of a second
receptor is random, then blue neurons could express mones, provides information about gender, dominance,
or reproductive status of other individuals in a speciesone of multiple receptors and project to multiple glomer-
uli. This would give the appearance of axon wandering and elicits innate stereotyped social and sexual behav-
iors (Halpern, 1987). The receptor repertoire expressedwhen in fact the individual blue axons actually project
to multiple different loci in the AOB. Two observations in the VNO is an order of magnitude smaller than in the
MOE (Dulac and Axel, 1995; Herrada and Dulac, 1997;argue against this alternative explanation. First, we ob-
serve that the half-life of neurons expressing the VN12D- Matsunami and Buck, 1997; Ryba and Tirindelli, 1997).
Moreover, the neural pathways that respond to phero-tau-lacZ allele is dramatically reduced, implying that
these neurons are defective and are not transformed mones bypass cognitive centers and stimulate a small
number of selective limbic nuclei to evoke a limited arrayinto normal vomeronasal neurons expressing a second
functional receptor. Moreover, neurons that express the of innate behaviors. The vomeronasal system, therefore,
provides an attractive system to examine how the recog-VN12D allele reveal abnormal axon termini that are un-
likely to form functional synapses. The blue neurons nition of pheromones is translated into instinctive be-
havioral responses.in the VN12D mice are therefore abnormal, a finding
inconsistent with the choice of a second receptor. In this study, we have employed gene targeting to
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visualize the pattern of projections of axons from vom- activation of AOB domains would elicit different behav-
ioral arrays. The existence of a relatively small numbereronasal sensory neurons expressing a specific recep-
of distinct domains in the AOB is consistent with thetor in the accessory olfactory bulb. Neurons expressing
observation that, despite the expression of 100±200a specific receptor project to multiple (20±30) glomeruli
pheromone receptors, the vomeronasal system elicitsthat are restricted to a small number of spatially defined
only a restricted array of behaviors. This is in contrastdomains whose relative positions are maintained in all
with the main olfactory system in which the activationanimals in the species. These projection domains differ
of specific combinations of discrete glomeruli, ratherfor sensory neurons expressing different pheromone re-
than domains of glomeruli, are thought to encode odorceptors. However, the size of the domains and the num-
quality. At present, however, we do not understand theber and position of their glomeruli show significant vari-
possible relationship between neuron subtypes thatance between different animals. Significantly greater
project to a given domain, nor do we understand theconservation of domain size and position is observed
functional significance of the domain itself.between the right and left AOB of individual mice.
How is the map read? Within each domain, the numberSmaller glomeruli tend to receive input from only one
and location of specific glomeruli varies in different ani-type of sensory afferent, whereas larger glomeruli are
mals. Most mitral cells in the AOB elaborate an extensiveoften mixed and receive axons from neurons expressing
dendritic array such that a single mitral cell will synapseother receptors. These observations indicate that the
with multiple glomeruli (Cajal, 1901; Takami and Grazia-organization of the vomeronasal sensory afferents is
dei, 1990, 1991), a property that permits integrativedramatically different from that of the main olfactory
mechanisms at the level of the projection neurons. Forsystem, and these differences have important implica-
some projection neurons, the number of dendrites withintions for the logic of olfactory coding in the VNO.
a domain far exceeds the number of specific VN2 or
VN12 glomeruli, suggesting that individual mitral cellsThe Logic of Sensory Coding in the Two
receive input from different types of sensory neurons.Olfactory Systems
In addition, the identification of a population of mixedIn the main olfactory system, individual sensory neurons
glomeruli that receives input from either VN2- or VN12-express only 1 of the 1000 receptor genes such that
expressing cells along with projections from other sen-neurons are functionally distinct (Malnic et al., 1999).
sory neurons provides a particularly clear example ofDiscrimination among odors can therefore be reduced
integration of sensory afferents at the level of the glo-to a problem of distinguishing which neurons have been
merulus in the AOB. This convergence of inputs fromactivated. The projections from neurons expressing a
different neurons on a single mitral cell and at the ex-specific receptor converge upon two spatially invariant
treme at a single glomerulus allows the mitral cells toglomeruli in the olfactory bulb (Ressler et al., 1994; Vas-
function as a coincidence detector. Thus, the patternsar et al., 1994; Mombaerts et al., 1996; Wang et al.,
of projections of specific sensory neurons we observe1998). The bulb therefore provides a spatial map that
affords a level of processing and integration of sensoryidentifies which of the numerous receptors have been
input in the AOB that is likely to be restricted to higher
activated such that the quality of an olfactory stimulus
cortical centers in the main olfactory system.
is encoded by specific combinations of glomeruli. The
What is the physiologic significance of this integrative
ability of an odorant to activate a combination of glomer-
power in the AOB? The chemical nature of pheromones
uli allows for the discrimination of a diverse array of has been most extensively investigated in insects and in
odors far exceeding the number of receptors. Since the fish (reviewed by Sorensen et al., 1998). In these species,
projection neurons or mitral cells extend dendrites to biologically active pheromones are most often precise
only a single glomerulus, this immediately implies that blends of structurally similar molecules. The specificity
integration and decoding of the spatial patterns of glo- of the behavioral or endocrine response is exquisitely
merular activity in the bulb must largely occur in the sensitive to the ratio of a different pheromonal species
olfactory cortex. within the blend, such that minor changes in ratio may
In the vomeronasal system, neurons expressing either have profound effects on the nature of the response. In
VN2 or VN12 pheromone receptors converge on multiple the hawkmoth, Manduca sexta, for example, a chemoat-
glomeruli that are distributed in spatially restricted do- tractive mating response in males requires the detection
mains that differ for VN2- and VN12-expressing neurons. of two components in a precise ratio in a pheromone
These results define a sensory map in which the activa- blend (Christensen and Hildebrand, 1997). Projection
tion of specific pheromone receptors in the VNO is trans- neurons have been identified within a dedicated struc-
lated into spatial patterns of glomerular activity in the ture in the insect antennal lobe, the macroglomerular
AOB. A given VN2 or VN12 domain contains glomeruli complex, that are responsive solely to the appropriate
that receive input from several additional subpopula- ratio of two component pheromones but not to either
tions of VNO neurons, and individual glomeruli receive pheromone alone. With few exceptions, the mammalian
projections from neurons expressing different phero- pheromones have not yet been identified, but it would
mone receptors. Each domain is therefore likely to differ not be surprising if the specificity of a behavioral re-
from one another and may represent distinct anatomic sponse in mammals would also be the consequence of
and functional units. A given domain may represent in- the recognition of combinations of pheromonal mole-
dependent processing units responsible for generating cules. A given pheromone might be one component of
different elements of the behavioral response. In such several different blends, each responsible for different
a model, a pheromonal blend may activate a combina- behavioral responses. Our data demonstrating that spe-
cific vomeronasal sensory neurons project to multipletion of domains, such that different spatial patterns of
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glomeruli within several spatially invariant domains, to- similar phenotype is observed in heterozygous and ho-
mozygous animals. If both receptor alleles are ex-gether with previous experiments that show that individ-
ual mitral cells can synapse at multiple glomeruli in the pressed in a single neuron, we might expect that in
animals heterozygous for the VN12 deletion, expressionAOB, suggest possible mechanisms of integration of
sensory information that allow for the recognition of of the wild-type VN12 gene might be sufficient to facili-
tate targeting and prevent cell death. However, the phe-precise blends of pheromones.
notype of VN12D-IRES-tau-lacZ mice is identical in het-
erozygous and homozygous animals, suggesting thatEstablishing a Topographic Map in the Accessory
allelic inactivation is a regulatory property of olfactoryOlfactory Bulb
receptor gene expression in both the main olfactoryWe observe that olfactory neurons expressing a given
epithelium and the vomeronasal organ.pheromone receptor project to broad but spatially re-
Thus, the two mammalian olfactory systems sharestricted domains within the AOB that differ for different
several properties but exhibit differences in neural orga-vomeronasal neurons. How is this organization estab-
nization that afford the two sensory systems uniquelished during development? In the main olfactory sys-
functions. The expression of only one member of a largetem, in which each of 1000 olfactory sensory neurons
family of receptor genes in a given neuron from onlyproject with precision to 2 of 1800 topographically fixed
one of the two alleles indicates that the two systems ofglomeruli, we have demonstrated that the odorant re-
sensory neurons employ similar transcriptional regula-ceptor itself plays an instructive role in the guidance
tory mechanisms. Moreover, in both the vomeronasalprocess (Mombaerts et al., 1996; Wang et al., 1998).
and main olfactory system, receptor expression is re-Mutations in specific receptor genes cause axons of
quired to establish a sensory map. The nature of thecells expressing these mutant alleles to remain broadly
sensory map in the AOB differs in character from thedispersed within regions of the outer nerve layer of the
precise organization of glomeruli in the main olfactoryolfactory bulb without converging on specific glomeruli.
bulb. Our results suggest that in the vomeronasal sys-The results of receptor substitution experiments provide
tem, significant decoding of chemosensory informationadditional evidence that odorant receptors play an in-
is accomplished in the AOB, a feature that may be essen-structive role in target selection as one of a complement
tial in order to elicit a limited array of instinctive behav-of guidance receptors.
iors in response to pheromones.These observations on the main olfactory system led
us to examine the consequence of receptor deletions
on the pattern of projections of vomeronasal sensory
Experimental Proceduresneurons. Deletion of the VN12 receptor results in a phe-
notype not unlike that observed in the main olfactory Isolation of Mouse Pheromone Receptor Genes
system. VN12D-IRES-tau-lacZ mice lacking a functional Fragments of pheromone receptor genes were PCR amplified from
receptor project axons to the glomerular layer of the mouse VNO cDNA using the degenerated primers MV-1 [59-GATAT
TCAGA(TC)TI(AG)CIA(AC)IT(TA)(TC)AA(GA)(TC)A-39] and MV-2 [59-AOB, but these axons wander broadly throughout the
TCGCGAATTCGGI(GC)(TA)IA(GATC)IGTIGC(CT)T-39] that are basedrostral AOB without forming domains of projections as
on conserved domains of rat pheromone receptor coding sequencesidentified for wild-type VN121 axons. Thus, in the vo-
(Dulac and Axel, 1995). Those PCR products as well as fragments
meronasal system, as in the main olfactory system, func- of the rat VN1±VN6 genes were then used as DNA templates to
tional receptors are essential for the convergence of screen a mouse 129 genomic library (Stratagene).
specific axons on specific glomeruli. These data, how-
ever, do not distinguish whether the receptor is playing
Generation of Targeted Mutationsa permissive or instructive role in the guidance process.
VN12-IRES-tau-lacZ
Receptor substitution experiments will be essential to A 12 kb NotI DNA fragment was isolated from phage VN12 and
distinguish among these alternatives. The observation subcloned into a pBS-KS(2) vector. From this, a smaller 10.5 kb
that a given sensory neuron projects axons to multiple NotI/SmaI DNA fragment was subcloned into pBS-KS(2) to make
the targeting construct. A 600 bp PstI fragment was removed fromglomeruli within spatially conserved domains that reside
the 59 end to serve as a probe for screening. Using recombinantat different locations within the AOB poses a complex
PCR, a PacI linker was introduced 3 bp downstream of the proposedproblem in axon guidance. Additional coordinate sys-
translational stop codon for VN12. An ETLpA2/LTNL cassette (Mom-
tems and additional guidance receptors beyond the baerts et al., 1996) was then introduced into the PacI site such that
pheromone receptor itself are therefore likely to partici- expression of the VN12 gene should not be disrupted. This construct
pate in this targeting process. thus contained 600 bp of VN12 59 homologous sequence and 10.4
kb of 39 flanking sequence. Construct was linearized using XhoI
and electroporated into 129/Sv ES cells. Thirty-five milligrams ofAllelic Inactivation of Pheromone Receptor Genes
linearized plasmid was used to electroporate 30 3 106 W9.5 ES cellsFinally, the receptor deletion experiments have implica-
at 800 V and 3 mF with a Bio-Rad Gene Pulser. Cells were cultured
tions for the control of expression of specific pheromone on mitomycin C±inactivated primary embryonic fibroblasts derived
receptors in vomeronasal sensory neurons. In the main from neo-resistant transgenic mice (Gossler et al., 1986). Selection
with 150 mg/ml of G418 was initiated after 24 hr, and coloniesolfactory epithelium, a given sensory neuron expresses
were picked after 7±8 days. Genomic DNA was cut with KpnI andonly one of a thousand olfactory receptor genes from
hybridized with an external 59 VN12 probe (PstI fragment). Cloneeither the maternal or paternal allele, but never from
V12T40 was expanded and electroporated with circular pB185both alleles (Chess et al., 1994; Malnic et al., 1999; C. D.
(GIBCO/Life Technologies). Cells were grown and replated for 6
and R. A., unpublished). We observe that neurons ex- days, after which they were plated at low density and selected with
pressing the VN12D-IRES-tau-lacZ allele fail to converge 2 mM ganciclovir. Colonies were picked after 5±6 days, and genomic
DNA was cut with KpnI and hybridized to lacZ. One clone, T40/on specific glomeruli in the AOB and ultimately die. A
Sensory Map of Pheromone Receptor Activation
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